In situ calibration of a rainfall impact disdrometer using a collocated tipping bucket rain gauge has been previously reported. Several factors affect the accuracy of this technique. These include the specific mathematical model of the transducer, tipping bucket errors, clock/time accuracy, switch delay time and calibration reference window used to update the transducer model coefficients. In this work, two general forms of an empirical transducer model have been investigated: a simple two-coefficient power-law and an Nth order polynomial, where the input is a specific measure of the electrical signal from the transducer and the output is the hydrometeor diameter. Even though previous work allowed for a more general non-linear transducer model description, the subsequent implementation of an adaptive calibration algorithm required use of a steepest descent recursive gradient search algorithm, which can be difficult to implement in a realtime system. Linear transducer models allow an implementation suitable in a real-time signal processing system.
INTRODUCTION
Instruments that directly quantify rainfall accumulation measure an average quantity proportional to the integrated volume of an ensemble of raindrops. These instruments are normally called rain gauges. Rain gauges measure an incremental mass of accumulated rainfall as a function of time. The increment may be as small as a 0.1 mm in a typical tipping bucket rain gauge, or it may be the entire accumulation of the rainfall event.
Instruments that count and measure drop sizes are defined as disdrometers. By far the most common type of disdrometer is the impact disdrometer, the best known of which is the Joss-Waldvogel disdrometer (JWDPI. Impact disdrometers utilize a sensing head that converts the mechanical energy of a hydrometeor impact to an equivalent electrical pulse. The details of the conversion are highly dependent on the details of the sensor and transducer design. In all designs a requirement is to find a best trade-off of sensor head size to minimize coincidence of overlapping drop impacts with the ability to sample the larger drop size end of the size distribution. The first condition drives the design to the smallest sensor size, whereas the second requirement drives the design to the largest size.
Drop impact coincidence is directly related to the pulse width of the collision.
This pulse width is the convolution of the physical collision process with the mechanical system response, and with the sensor electrical impulse response. The size of the sensor head directly determines the number of impacts per second. 
DISDROMETER CALIBRATION
Impact disdrometers measure a quantity related to the momentum and energy of a hydrometeor collision with the sensing head. Since disdrometers provide a voltage output resulting from the impact of a hydrometeor, a calibration is necessary to convert the impulse voltage signal to the equivalent drop size diameter. Theoretical approaches to calculating the calibration from signal response to drop size are useful and informative, but in the end, some type of calibration procedure is inevitably necessary.
(6) (5)
where Jl is the convergence gain factor (gradient search step size) and the index I represents a multiple coefficient update, occurring during the time frame n. 
Note that the form of Equation (3) corresponds to the transducer model, which was arbitrarily defmed as a polynomial power series ofx
The parameters ao, at, ... aL-2, and b are the coordinates of an L-dimensional error surface defmed by Equations (I) through (3) . Using the Steepest Descent gradient search algorithm [4] , an approximately optimized set of parameters can be found, and by evaluating Equations (3) then yields the calibration curve for any future sensor output. In this way, the disdrometer is calibrated for all future measurements where periodically, the adaptive calibration procedure can again be performed to compensate for changes in the sensor response.
During the sensor calibration phase or equivalently the coefficient adaption phase, the drop size estimation parameters are updated using the gradient of Equation (I):
k=O where the hydrometeor volume vm{n) is approximated from the processed disdrometer signal x.; en).
An empirical model was adopted in the previous work [3] to transform x.j») to vm{n):
V{n -k) can be replaced by a constant value V o since the tipping bucket volume V{n) is known for the tipping bucket. Note that rainfall volume per area is a constant, but the time interval is variable, so that shorter time intervals correspond to higher rainfall rates. The time index n is triggered by the tipping bucket and could correspond to a few seconds for a hard downpour or several minutes for a light drizzle.
The disdrometer estimated tip volume is the sum of all M; hydrometeor impacts during the nth tip interval, over As, the sensor diaphragm are:
As m=l
Single Drop Method
This method is based on single drop generators utilizing a water reservoir with controlled water attached to a needle valve producing drops of known diameter. Drops fall from towers of at least five stories in height to obtain terminal velocity. The sensor output voltage is recorded for approximately 100 drop impacts for each of 15 drop sizes ranging from 0.6-5.5 mm diameter. The results are used to produce a calibration curve, yielding drop diameter as a function instrument output voltage [2] .
Adaptive Calibration Based on a Recursive Minimization Algorithm
An alternate method of calibration reported in our previous work [3] , is based on the numerical minimization of a function, similar in philosophy to an adaptive digital filter. The strategy behind this technique is to use a tipping bucket rain gauge for providing reference data to optimize a set of adaptive coefficients. An error surface defmed by Equation (I), is the sum of the square of the differences between the accumulated tipping bucket output V{n) and the calculated V{n) for the current as well as the N -1 previous time frame (tip) intervals: Equation (5) necessary to arrive at a coefficient vector c in the vicinity of the error surface minimum, may be several thousand. The reason for the large number of iterations at each time frame n is due to the limited number of available tipping bucket triggers (or clocks) during a typical rainfall event. The total number of tipping bucket clocks is often a hundred or less for a typical convective thunderstorm.
In order to prevent instability and divergence in the recursive coefficient update formula, and at the same time, allow reasonable convergence with a moderate number of iterations, the constant gain factor # in Equation (5) is replaced with individual gain factors #1 for each coefficient C 1 • An empirical approximation for #1 , which has experimentally proven (in previous work) to be useful under a wide range of conditions, is:
(12) (15) (14) (13)
By separating and re-arranging the components of Equation (11), the following matrix equation results:
Equation (13) can be re-written as:
A·a=B, a=A-1·B,
Experimental Results
A rainfall data collection site is operational at the University of Central Florida in Orlando, Florida. Sample data collected using impact sensors such as the ones shown in Figures 1 and 2 were processed using this new adaptive calibration algorithm. Drop size versus time data was generated from the sensor data using the coefficient vector obtained from Equation (15) and are shown in Figure 3 . Comparisons of equivalent tipping bucket trip times presented in Figure 3 are found to be good. In Figure 4 , a comparison of the JWD histogram is made with the histogram from Figure 3 of the prototype sensor for the same dataset.
Summary and Future Work
It is hoped that this method can be used to replace or supplement previous impact disdrometers methods, or implemented in the design of new instruments.
Future work includes investigating various descriptions of the impulse signal xm(n) at the output of the transducer. One approach is based on peak amplitude of the electric impulse and a second one is based on the energy of the impulse. Another goal is to evaluate aspects of the adaptive calibration algorithm for implementation in real-time digital processing systems for future designs.
where A is the matrix on the left side of Equation (13), a is the vector of unknown calibration coefficients, and B is the right side of Equation (13). Note that in the case of a tipping bucket,~=~= 0.01 inch, for most standard tipping buckets.
The disdrometer calibration coefficients are found directly by taking the inverse of Equation (14):
< ci #i -100 VE.
where the calculated volume of drops per tip are, where,
The gradient becomes:
The #1 are approximated by Equation (8) for some number of initial iterations (1000 for example) and then held constant for the remainder of the adaption process.
Another way to utilize the empirical relationship of Equation (8) is to use the quantity 100 PiVE, / c i as a convergence indicator and adjustment for the individual gain factors #1' If this quantity remains less than one for each adaption parameter, and continues to decrease with successive iterations, convergence will most likely be achieved, otherwise the #1 will need to be adjusted.
Adaptive Calibration Based on a Matrix Solution
A matrix method approach can be used to solve the minimization of E(n) from Equation (1), using a transducer model from Equation (3) . Dropping the n in Equation (1) 
